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Abstract
The gasification of the biomass is an efficient way to employ the renewable source for the production of electric 
power. Nevertheless, the water content in the biomass can be very high and the performances of a power plant that 
exploits the syngas produced can be negatively affected. The mixing of thermosetting resin with the biomass in order 
to increase the performances even with high moisture of the biomass is evaluated in a two stage gasifier. An Aspen 
Plus model that simulates the sub-processes of the gasification is implemented. The equations that describe the 
pyrolysis and the gasification are regressed with the data available in literature. The power production obtained with
a mixture of 30% of thermosetting resins and biomass with 65% of water is higher than the ones obtained with biomass 
with 45% of water.
© 2016 The Authors. Published by Elsevier Ltd.
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1. Introduction
The efficient utilization of biomass is important to replace a significant amount of fossil fuels used for the energy 
production. Biomass gasification produces a fuel gas that coupled with advanced power generation systems, such as 
gas turbines or fuel cells, offers high efficiencies as proposed by Doherty et al. in 2015 [1]. The gasification of the 
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biomass may be described by a sequence of processes in function of the temperature as proposed in [2]: drying (at 
100-200°C), pyrolysis (at 200-700°C), gasification (700-900°C) and combustion (above 800°C). These processes are 
not strictly defined and they often overlap in function of the considered technology. Drying and pyrolysis occur heating 
up the biomass without addition of any form of oxygen. The gasification and combustion take place introducing an 
amount of oxygen in some form. Among these processes the description of the pyrolysis process is considered
particularly challenging because it evolves a great deal of physical and chemical transformations and produces a large 
number of product species as stated by Neves et al [2]. These authors propose empirical relationships for pyrolytic 
products distribution and properties in function of the temperature. The products of the pyrolysis can be classified in 
this type: solid (mostly char or carbon), liquid (tars, heavier hydrocarbons and water), gas (CO2, H2O, CO, CxHy, etc.).
The choice of the technology affects the gasification sub-processes. In two-stage gasifier pyrolysis and gasification 
take place in separate reactors. An examples of this scheme of plant is investigated by Teixeira et al. [3], they 
considered a screw conveyer in which the pyrolysis occurs. Similar layout is proposed in the work of Henriksen et al. 
[4], they present the results of a demonstrative two-stage gasifier of 75 kW. The interest on this scheme of plant is due 
to the low tar content in the fuel gas produced.
Beside the exploitation of the biomass as renewable energy resources, the waste gasification is an eco-friendly way 
to reduce fossil-fuel consumption. In particular, waste pyrolysis/gasification of materials like the thermosetting resins 
can represent a technique to convert wastes into syngas useful as fuel gas. Thermoset polymers do not permanently 
harden over a critical temperature and do not soften when they are re-heated. The materials degrade and decompose 
before they can reach temperatures high enough to melt. These types of resins are not completely recyclable as 
feedstock in the same industrial field. Feedstock recycling, which converts plastic materials into useful basic 
chemicals, has been recognized as an advanced technology process. Gasification is one example of these feedstock 
recycling technologies, which converts carbonaceous materials into a combustible gas, that can be applied for heating 
and power generation. Ongen [5] investigates this option in his work obtaining a methane-rich syngas with high 
heating value. Yun et al. [6] applied the pyrolysis for glass fiber-reinforced plastic (GFRP) and Pickering [7] proposes 
the recovery of the fibers from thermoset composite material obtaining syngas. With the gasification of plastic
particular attentions are for the high production of tar, as reported in [8] and [9].
A complete description of the main reactions involved in the gasification process and their role are well proposed 
by Cau et al. [10]. Gasification is generally carried out by injecting sub-stoichiometric air or oxygen (just to promote 
the combustion of a portion of fuel to provide heat for the endothermic reactions) and eventually steam. In general, an 
increasing of air (or oxygen) injection promotes fuel combustion, thus involving an increasing temperature of the 
process, higher CO2 concentrations and lower CO concentrations in raw syngas. On the other hand, an increasing in 
steam injection involves a temperature reduction and promotes shift conversion equation, with a subsequent increasing 
in H2 and CO2 concentrations in raw syngas despite a reduction of CO content. The role of the water is important in 
the products obtained and also in the whole energy balance. In fact, the biomass moisture evaporation is a high energy 
demand process. However, for high content of moisture, steam is not required and this can simplify the plant layout, 
especially for small-scale plants. On the other hand, higher moisture lower heating value of the syngas. 
The modeling of the gasification sub-process is investigated in several works. Less references are available for the 
pyrolysis sub-process. This paper presents a complete simulation from the pyrolysis and the gasification for energy 
production with the evaluation of the energy performances of the whole plant. The chemicals produced in the sub-
process are defined with equations regressed with experimental data retrieved from the literature. Due to the high 
heating value of the syngas obtained with the gasification of the thermosetting resins is investigated the strategy of 
mixing this type of resins to high-moisture biomass. It is expected the increasing of the heating value of the syngas 
with respect to the one obtained with only biomass. The results are work out implementing a plant in the simulation 
software Aspen Plus, already applied by the author [11], [12].
2. Technology
This paragraph describes the technology considered to exploit the biomass and the mixture of the biomass and the 
thermosetting resins. The obtained syngas is exploited as fuel gas in a gas engine to produce electricity. The process 
considered is based on a two-stage gasifier similar to the Danish small-scale (75 kW thermal) called Viking presented 
by Henriksen et al. [4].
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2.1. Pyrolysis unit
The material (biomass or biomass & resin) is fed to 
the screw conveyer that brings the material from the 
container with the material to the gasifier reactor. In the 
screw conveyer take place both the drying process and 
the pyrolysis process. In the first part of the pyrolysis 
reactor, the biomass is dried. In the second part, the 
pyrolysis takes place. Pyrolysis demands higher 
temperatures than drying, and to satisfy this, the 
exhaust gas of the engine goes countercurrent respect 
the screw motion as proposed in Figure 1. The 
maximum temperature at the end of the pyrolysis is 
fixed to 450°C. In the case in which the heat of the 
exhaust engine is not enough a part of syngas can be 
burnt and the heat exchanged with the pyrolyzer.
2.2. Gasification unit
The gasification reactor is fed over the middle part with all the pyrolysis products: syngas, tar and char. Falling 
into the reactor the heavier parts meet the ascending hot syngas produced on the bottom. In this way the tar and the 
char heat up exploiting the higher temperature of the gasification syngas. The maximum temperature in the reactor is 
fixed at 900°C in the region of the oxidation. The syngas here produced mixes with the one coming from the pyrolysis 
process at the top of the reactor. The merged syngas exchanges heat into a pre-heater of the air of the gasifier.
2.3. Gas treatment unit and engine
The plant is thought to gasify some plastic materials that have the peculiarity of increasing the heating value of the 
syngas, but also to increase the production of tar as documented in the works of Mastellone et al. [9] and Arena et al. 
[13]. The two-stage layout limits the tar formation, but to avoid the presence of them in the syngas it is treated in a 
cleaning section. The syngas exiting the gasifier is quenched with sprayed water in a scrubber reducing the temperature
around above the water dew point (about 90°C) hence it passes in a bag house filter. After this the gas is cooled further 
down to about 50°C and the condensate is removed. The gas flow is driven by a blower that overcomes the pressure 
drops. The cleaned fuel gas is exploited in a combustion engine with an electric efficiency of the 39% (as reference 
engine the Jenbacher Type 2 is considered). The exhaust gas at about 470°C are passed around the walls of the
pyrolyzer to maintain the temperature of the process.
3. Modeling
The plant is simulated with the software Aspen Plus with a thermodynamic equilibrium model. This approach 
allows the calculation of the theoretical production that can be attained for the chemicals involved in the process.
In this work the chemical equilibrium is determined based on: (i) the equilibrium constant; (ii) the minimization of 
the Gibbs free energy. The model calculates the temperature, the gas composition and the production of char for the 
input conditions. In Aspen Plus are available unit operation blocks, such as reactors, heaters, pumps, etc. These blocks 
are connected using material and energy streams to study a process. The simulation calculations are performed using 
the in-built physical properties database. The modelling of the gasification plant is studied in sub-processes: the drying 
and pyrolysis, the gasification, the cleaning of the syngas, the energy production with an internal combustion engine 
and an auxiliary burner. The process flow sheet diagram is represented in Figure 2.
The chemical products obtained in the sub-processes are validated with the experimental data available in literature
[2]–[4]. The properties of the conventional components defined in Aspen Plus are estimated adopting the Peng–
Robinson equation of state with Boston–Mathias alpha function (PR–BM) as adopted in other works [14], [15]. For 
Figure 1 Scheme of plant of the two-stage gasifier investigated in this 
study (modification of the scheme proposed in [4])
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the estimation of the enthalpy and density for both biomass and ash, which are non-conventional components, 
HCOAL-GEN and DCOALIGT models were used.
The biomass and the resins fed to the plant are considered as non-conventional components as well as the char and 
the ash obtained as products of the process. For these components are specified the ultimate, the proximate and the 
sulfur analysis. The air considered in the simulation is defined as 79% vol of N2 and 21% vol of O2.
3.1. Chemical components involved in the process
The products that can be formed in the sub-processes are defined from the experimental data gathered in the cited 
literature, the yield is defined with regressed equations implemented in the Calculator Block of Aspen Plus. The main 
step is the determination of the products transformed by the non-conventional components. In particular, several 
chemical compounds are produced in the pyrolysis. They can be divided by type: (i) char; (ii) tar; (iii) syngas. The 
yield of each type of compounds is evaluated in function of the pyrolysis temperature. From literature, in particular 
[2], is observed that at temperatures around 300°C char is the main product; at the range temperatures 450°C – 550°C
a maximum of tar is observed; the increasing of temperature favors the production of light gases, especially at 
temperatures higher than 800°C. The information related to the pyrolysis of the thermosetting resins are based on the 
work proposed by [16]. Each type of compound is studied to determine its composition and the trend in function of 
the temperature is regressed to have equations that can be easily implemented in the Calculator Block of the software 
Aspen Plus. The char can be characterized by the ultimate (the elements) and proximate analysis: (i) the volatile 
matter, (ii) the fixed carbon, (iii) the ash. The composition of the tar is very broad, around 180 chemicals are mentioned 
in the cited works. In this investigation they are subdivided in families of compounds and representative chemicals 
are considered as possible products in Aspen Plus, in particular they are divided in: alcohols, aldehydes, ketones, 
furans, phenols, poly-benzenes and levoglucosan. Also the composition of the syngas is determined by the results 
Figure 2 Process flow diagram implemented in Aspen Plus. Blue lines indicate mass streams; the dashed black lines indicate heat 
streams. With rectangular shapes are represented the unit operation blocks used in Aspen Plus. Inside them is reported the name 
of the component defined in Aspen Plus and beside the name there is a numeration. 1xx are the blocks used to simulate the 
pyrolysis process; 2xx are the blocks used to simulate the gasification process; 3xx are the blocks used to simulate the cleaning 
process of the syngas; 4xx are the blocks used to simulate the engine; 5xx are the blocks used to simulate the presence of a 
thermal integration in case the heat available in the flue gas is not sufficient for the drying/pyrolysis step.
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available in literature. The main products of the gas pyrolysis are the CO and the CO2, lower content of CH4, H2 and 
CxHy are observed. Increasing the temperature more gas is produced.
3.2. Pyrolysis
Within the modelling this sub-process converts the biomass, defined as non-conventional component, both in 
conventional and non-conventional components. The first block is a Ryield 101 that, at ambient temperature, produces
ash as non-conventional component and other conventional components of the biomass and resins: C, H2, N2, S, Cl2,
O2, H2O and ash. The reactor is managed with the Calculator Block. The elements are converted in char by means of
the following Ryield 102 based on the ultimate, proximate, sulfur-analysis determined with the regressed equations.
The char and the conventional components, are separated in the block Sep 103. The conventional products are 
elaborated in the Rstoic 104 in which are defined the reactions that produce the gases with the relations regressed. The 
amount of the conventional components unreacted and separated in Sep 105 are converted in tar components in the 
Rstoic 106. The chemical reactions to obtained the considered substances are defined by the regression based on the 
data retrieved in the literature. A part of some chemicals of the tar are separated in the Sep 107 to take into account 
that the plant produces a quantity of tar that does not undergo further modifications. The heat required for the pyrolysis 
is obtained by the combustion of the syngas in the internal combustion engine. In the Ryield 101 are concentrated the 
thermal losses due to the heat dispersions evaluated as the 2% of the exchanged heat by the flue gas.
3.3. Gasification
In this sub-process the char is decomposed in elements by means of the Ryield 201 which is managed through a 
Calculator Block. The exiting stream is composed by elements: solid C, H2, N2, S, Cl2, O2 and ash. It is jointed with 
the stream coming from the Sep 203 that splits the gas and char produced by the Rgibbs 202 converting part of the tar 
products. The mixed stream is heated up in the heat exchanger Hx 204 with the heat of the syngas produced by the 
gasifier, as later explained. This stream is split up in two streams by Sep 205. The stream that contains S and Cl is 
transformed in the Rstoic 206 to give H2S and HCl. The other one is exploited in a combustor represented by Rstoic 
209 to supply the necessary heat for the RGibbs 208 which represents the gasifier. The amount of char split is 
determined by a Design Specification to maintain the temperature of 900°C in the gasifier. The stoichiometric air for 
its combustion is pre-heated (to 450°C) in the block Hx 211 and the products of the combustion are divided in the Sep 
210 to eliminate the ash, while the gas is sent to the gasifier. To simplify the gasification process, the N2, H2S and HCl 
are separated in the Sep 207 because they do not have a significant role in the main reactions that take part in the 
gasifier. The other stream composed by H2, O2, H2O and C is sent to the gasifier in which the chemical reactions
considered are:
 ܥ + 2ܪଶ ֖ ܥܪସ ;  ܥ +ܪଶܱ ֖ ܥܱ +ܪଶ ; ܥ + ܥܱଶ ֖ 2 ܥܱ ; ܥܪସ + ܪଶܱ ֖ ܥܱ + 3ܪଶ ; ܥܱ + ܪଶܱ ֖ ܥܱଶ + ܪଶ.
In this work the reactions are studied at the equilibrium at the temperature of 900 °C, but the one of methanation
and the one of shift are calculated specifying the approach temperature of -265°C and -90°C respectively, in order to 
obtain a good agreement with the experimental data. Also the gas separated in the Sep 105 is sent to the gasifier. The 
thermal losses in the gasifier are evaluated as the 3% of the exchanged heat.
3.4. Cleaning section, energy production and auxiliary burner
In this section the syngas is cooled to around 450°C in the Hx 301, then it is quenched with a stream of water at 
25°C in order to decrease the temperature to 150°C in the Flash 302. In the Flash 303 the syngas is further cooled to 
50°C to condensate water and subsequently the Sep 304 represents a filtration that lets to pass only the gas-phase. To 
cope the pressure losses of the plant the Fan 305 increase the pressure of 1 bar. The cleaned syngas is sent to the 
internal combustion engine and a part can be directed to an auxiliary burner.
The syngas is exploited in an internal combustion engine of 250 kWe simulated with the Rstoic 401 which
calculates the combustion at 900°C. The 39% of the heat of combustion is considered as electric power production. 
The flue gas exits the engine at 470°C, this decreasing of temperature is worked out in the Hx 402. The stream of the 
flue gas is utilized in pyrolysis process to heat up the system.
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In case in which the heat available in the flue gases, obtained by the internal combustion engine, was not sufficient 
for the pyrolysis process, part of the cleaned syngas can be exploited in a combustion at 900°C simulated with the 
Rstoic 501. The products are mixed with the flue gas coming from the internal combustion engine and the heat of the 
mixed gases is exploited in the pyrolysis process. The amount of syngas to burn in this section is accounted in a 
dedicated Design Specification.
3.5. Validation
The model implemented is validated comparing results calculated with the ones available for the Viking plant [4].
In this case only a mix of different types of biomass is considered as inlet at the plant. In Table 1 is reported the 
comparison.
Table 1 comparison of the composition 
Composition (% mol) Viking This work
H2 32.0 32.6
N2 30.0 29.2
CO2 20.0 21.3
CO 15.0 14.2
CH4 3.0 2.7
The High Heating Value (HHV) for the syngas is calculated with Aspen Plus. For the Viking plant it results around 
7.0 MJ/kg, while the one calculated for this work is of 6.9 MJ/kg.
4. Results and discussions
The model gives satisfactory results for the biomass gasification. It is utilized to analyze the performances in the 
case in which thermosetting resins are added to the biomass. In this section as indexes of merit are considered the 
Cold Gas Efficiency (CGE), the HHV and the electric efficiency. In this work the CGE is defined based on the HHV
and the mass flow rate ( ሶ݉ ) of syngas and biomass, similarly to what is proposed in [17], and it is evaluated at the inlet 
of the internal combustion engine:
ܥܩܧ =
ሶ݉ ௦௬௡௚௔௦ ڄ ܪܪ ௦ܸ௬௡௚௔௦
ሶ݉ ௕௜௢௠௔௦௦ ڄ ܪܪ ௕ܸ௜௢௠௔௦௦
The electrical efficiency of the plant is defined on the Low Heating Value of the biomass (LHV):
ߟ௘௟,௜௠௣ = ௘ܲ௟ሶ݉ ௕௜௢௠௔௦௦ ڄ ܮܪ ௕ܸ௜௢௠௔௦௦
Where the ௘ܲ௟ (electric power) is defined as:
௘ܲ௟ = ߟ௘௟,௘௡௚௜௡௘ ڄ ( ሶ݉ ڄ ܮܪܸ)௦௬௡௚௔௦ െ  ௙ܲ௔௡ െ ௔ܲ௨௫
The power required by the fan ( ௙ܲ௔௡) is calculated in Aspen Plus, while the power required by the auxiliaries are:
௔ܲ௨௫ = 0.02 ڄ ( ሶ݉ ௕௜௢௠௔௦௦ ڄ ܮܪ ௕ܸ௜௢௠௔௦௦)
The biomass fed to the plant is obtained by mixing different kind of biomass characterized by the cited references 
while the thermosetting resin is the one reported in [5]. The characterizations are presented in Table 2.
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Table 2 Proximate and ultimate analysis for the biomass and the thermosetting resins
Proximate analysis Ultimate analysis
Biomass, % Thermosetting, % Biomass, % Thermosetting, %
Moisture 45.0 0.05 Carbon 53.2 80.93
Fixed Carbon 18.7 5.18 Hydrogen 6.2 13.58
Volatile Matter 78.5 93.65 Nitrogen 0.5 0.20
Ash 2.8 1.17 Chlorine 0.0 1.44
Sulfur 0.1 0.00
Oxygen 40.0 3.85
4.1. Moisture effect on the CGE
The effect of the moisture on the biomass gasification is evaluated through the value of the CGE. The increasing of 
the moisture content in the biomass fed at the gasification plant plays an important role on the composition of the 
syngas and consequently on the CGE as reported on the left of the Figure 3. The CGE evaluated at the inlet of the 
internal combustion engine take into account that part of the syngas is not exploited in the engine, but is used for 
supplying the necessary heat at the pyrolysis process. The effect of the mixing of the thermosetting resins to the 
biomass is evaluated through the CGE depicted on the right of the Figure 3. The moisture of the mixture is fixed at 
45% and the amount of resins is varied to obtain this value with the moisture of biomass in the range of 45-65%.
4.2. Net electrical efficiency 
The net power produced by the gasification plant is evaluated in function of the moisture content in the biomass in 
the range of 45-65% and in function of the amount of the thermosetting resin added to maintain the content of moisture 
in the mixture at 45%. The results are represented in Figure 4.
5. Conclusions and future works
A model for the simulation of a two-stage gasification plant for power production is proposed. The opportunity to 
use thermosetting resin to increase the efficiency of high moisture biomass is evaluated. With biomass at the 65% of 
moisture the addition of around 30% of resins makes possible to pass the 30% of the net electric efficiency with respect 
to around 17% with only biomass. Future activities will consider a more extensive parametric analysis.
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Figure 4 Net electric efficiency of the gasification plant in function of the biomass moisture on the left. Net electrical efficiency function of the 
content of thermosetting resin with the biomass in order to have 45% of moisture on the right.
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